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UcaIn the literature, it is commonly stated that Uca spp. (ﬁddler crab) burrows aerate marsh sediment. However,
to date few studies have attempted to determine the pore water oxygen (O2) concentrations associated with
Uca spp. burrows; instead most studies have looked at redox potential, a measure of oxidation and not of O2.
In an in situ study conducted in salt marshes on the Atlantic coast of Virginia, USA, O2 concentrations
surrounding individual burrows were measured to assess the potential of burrows to aerate bulk sediment.
Using an O2 microelectrode, concentration proﬁles were measured at depth intervals of 500 μm to a depth
of 10 mm. The O2 proﬁles were measured at distances of 2, 4, 6, 8, and 10 mm from the burrow wall.
Measurements were made surrounding natural and artiﬁcial burrows as well as where burrows were absent
as a control.
Contrary to convictions in the literature, this study determined that, within poorly drained muddy sediments,
oxygen penetration depth only had a signiﬁcant increase out to a distance of 2 mm from the burrowwall, and
the increase in oxygen depth penetration was only 0.5 mm compared to areas not affected by the presence of
the burrow. In typical muddy sediments of salt marshes along the mid-Atlantic coast, USA, the presence of
Uca pugnax burrows increased the oxic zone little, but may have had an effect on the extent of the suboxic
zone. Therefore, generalizations should not be made concerning the ability of burrows to aerate surrounding
bulk sediments. In addition, the capacity of sediments to drain is an important factor in determining the
potential for increased sediment aeration due to the presence of Uca spp. burrows.
© 2013 The Authors. Published by Elsevier B.V. Open access under CC BY license.1. Introduction
Burrowing fauna are found in both terrestrial and marine systems.
These fauna are considered to be ecosystem engineers sensu Jones et
al. (1994); the bioturbation that they cause can aerate the sediment
in which they are found. Most of the marine literature concerning
bioturbation and sediment O2 dynamics has been studied in benthic
systems beyond the intertidal zone (Berner, 1980; Fenchel, 1996),
and not in intertidal systems. In the intertidal zone where salt
marshes exist there are a limited number of animals that inhabit
burrows (Daiber, 1982); Uca spp. (ﬁddler crab) burrows are the most
abundant and conspicuous (Crane, 1975; Daiber, 1982; Teal, 1958).
While Uca spp. have been hypothesized to aerate salt marsh sediments,
it has not been experimentally tested.
Unlike other marine burrowing animals, Uca spp. do not irrigate
their burrows while inhabiting them, but they do have other behaviorsental Sciences, University of
123, USA. Tel.: +1 434 996
.V. Open access under CC BY license.which may affect sediment O2 dynamics. Some species often plug the
opening of their burrow with sediment during high tide to maintain
an air chamber within the end of the burrow (Crane, 1975; Koretsky
et al., 2002; Pearse, 1914). While in their burrows, Uca spp. utilize
different strategies for respiration; they either remain in a chamber of
air (de la Iglesia et al., 1994; Dembowski, 1926; Teal, 1959) or remain
in a ﬂooded burrow causing increased respiration rates (Teal, 1959)
and for some species a decrease in activity (de la Iglesia et al., 1994;
Teal, 1959). Because Uca spp. respire in their burrows at high tide
some O2 within the burrow water is consumed. A few studies have
shown that the presence of Uca spp. burrows can oxidize the sediment
increasing the redox potential and can also increase sediment drainage
(Bertness, 1985; Howes et al., 1981; Katz, 1980; Montague, 1982).
Molecular diffusion is 10,000 times slower through water than
through air (Haynes, 2011); therefore, waterlogged sediments gain
O2 very slowly compared to well-drained sediments. As a result of
the sediment characteristics, many intertidal salt marsh sediments re-
main waterlogged at low tide, leaving the water table at or near the
sediment surface at low tide (Howes et al., 1981). Transport of solutes
or O2 within sediment or across the sediment–water interface occurs
by molecular diffusion caused by concentration gradients (Berner,
1980; Kristensen and Kostka, 2005). Sediments that retain pore water
can gain dissolved O2 at the sediment surface or a burrowwall through
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tide or contact with seawater from the incoming tide. When the
water table remains at the sediment surface, ﬁddler crab burrows
remain ﬁlled with water. Even if the burrow drains partially, the
surrounding sediment retains interstitial pore water due to capillary
action. Vertical diffusion of O2 at the sediment surface allows slightly
greater penetration into the sediment than diffusion radially away
from a burrow wall into surrounding sediments (Fenchel, 1996). This
is because the geometry of the interface at the burrowwall is not linear
but curved; therefore, diffusion at the burrow wall has a greater vol-
ume of sediment associated with the surface area of the burrow wall
which results in shorter penetration distance (Fenchel, 1996). In the
presence of burrows, the added radial diffusion at the burrow wall
makes diffusive transport a three-dimensional process (Kristensen
and Kostka, 2005).
Oxygen is important in these systems because it is the most favor-
able electron acceptor (Day et al., 1989). It readily oxidizes reduced
ions changing the overall sediment chemistry. Two things determine
the amount of dissolved O2 in the interstitial water; diffusion of O2
into the sediment and O2 consumption through reactions (Cai and
Sayles, 1996). Oxygen consumption can be of two different types;
direct O2 consumption by bacterially-mediated organic carbon degra-
dation or oxidation of reduced inorganic ions (Cai and Sayles, 1996;
Hargrave, 1969). Oxygen uptake in different aquatic systems is mainly
controlled by temperature (Hargrave, 1969), the availability of organic
carbon and its lability (Kristensen, 2000), and ﬂow rate for permeable
sediments.
There has been less work done on sediment diagenesis where there
is bioturbation because the systems are much more complicated
(Berner, 1980). The presence of burrows can cause many different
changes within the sediment such as solute migration, particle trans-
port, chemical reaction rates and types (Berner, 1980; Berner and
Westrich, 1985), and microbial and geochemical processes because
they increase contact between the sediment and the overlying water
(Kristensen and Kostka, 2005). There have been a few studies that
measure a variety of ion concentrations and reaction rates surrounding
Uca spp. burrows (e.g. Aller, 1984, 1988; Furukawa, 2005; Gribsholt
et al., 2003; Michaels, 2004; Nielsen et al., 2003). Due to the intuitive
nature of the concept that the presence of a Uca spp. burrow in the sed-
iment allows air and therefore O2 into the sediment, studies have only
made visual observations or speculation on the topic. Few studies have
examined O2 dynamics in the intertidal zone in general (Brotas et al.,
1990; Kim and Kim, 2007; Werner et al., 2006), and O2 concentrations
within the pore water of sediment surrounding Uca spp. burrows has
not been studied.
In this study, the inﬂuence of Uca pugnax (Smith) (mud ﬁddler
crab) and Uca pugilator (Bosc) (sand ﬁddler crab) burrows on the
dissolved O2 concentration of interstitial water within surrounding
sediments was examined. It was expected that higher pore water O2
concentrations would be measured at greater depths at close proxim-
ity to the burrow wall. Therefore the depth of maximum O2 penetra-
tion would be greater near the burrow and decrease with distance
from the burrow. It was proposed that horizontal diffusion of O2
would occur at greater depths where the burrow drained and the
burrow wall was exposed to the atmosphere instead of where the
burrow remained ﬂooded with oxygen-depleted interstitial water.
In order to test these hypotheses, an in situ study was conducted
within a temperate salt marsh system on the Atlantic coast of the
United States.
2. Materials and methods
2.1. Study sites
Three intertidal salt marsh ﬁeld sites on the Atlantic coast of
Virginia, USA were selected. The two primary ﬁeld sites were locatedon the mainland of the Virginia portion of the Delmarva Peninsula.
Salt marsh areas near tidal creeks were selected; the Lower Phillips
Creek site and Machipongo River site were both located on the main-
land and are part of the Virginia Coast Reserve — Long Term Ecologi-
cal Research (VCR — LTER) site (Fig. 1). A third site covered a larger
area and was located on the southern end of Hog Island, a barrier
island off the coast of the Eastern Shore of Virginia, which is also a
part of the VCR— LTER site. The two main ﬁeld locations were chosen
for their visual difference in sediment type; the Machipongo River site
had a sandy mud compared to the ﬁner mud of the Lower Phillips
Creek site. The site on Hog Island had a range of sediment types
from sandy mud to pure sand. All three sites were dominated by
the macrophyte Spartina alterniﬂora (Loisel) (smooth cord grass)
and were located within the Hog Island Bay watershed where they
all experienced a semidiurnal tidal cycle.
2.2. Experimental design
Uca spp. burrows were selected within the three marsh sites.
Selected burrows were more than 10 cm away from other burrows
or S. alterniﬂora stems so roots would be less likely to interfere with
measurements. The O2 concentrations were measured adjacent to
three different burrow types: Natural, Artiﬁcial, and a no burrow
Control, for a total of three treatments. Oxygen concentrations were
measured adjacent to 19 Natural burrows (7 at Lower Phillips
Creek; 6 at Machipongo River; 6 at Hog Island), 6 Artiﬁcial burrows
(5 at Lower Phillips Creek; 1 at Machipongo River), and 6 Control bur-
rows (5 at Lower Phillips Creek; 1 at Machipongo River). The Artiﬁcial
burrows were created the day before the measurements were made.
They were created using a masonry bit of diameter 1.27 cm, which
was hand augered into the sediment to a depth of 20 cm (Michaels,
2004; Montague, 1982). The Artiﬁcial burrowswere studied as a com-
parison for other studies that have used artiﬁcial burrows. Measure-
ments were taken during low tide when the sediment surface was
exposed to the atmosphere. The amount of time that the sediment
was exposed to the atmosphere differed among burrows, but the
measurements were taken from about 3 h before low tide to 3 h
after low tide. Measurements were made on 16 days between July
27 and August 26, 2007. Temperature measurements were made
coinciding with the time that O2 concentration measurements were
being made for each burrow. The diameter of each Natural burrow
was measured with calipers once the O2 concentration proﬁles for
that burrow were measured.
The O2 concentrations were measured with a Clark-type O2 micro-
electrode (Revsbech, 1989) with an internal reference and a guard
cathode. The microelectrode used was a Unisense® O2 Minisensor
with a 400–600 μm tip (Unisense®, OX500); it was connected to a 2
channel picoammeter (Unisense®, PA2000) to determine O2 concen-
trations within the top 10 mm of sediment. Vertical O2 concentration
proﬁles were made from the sediment surface to a depth of 10 mm
with measurement made at 500 μm depth intervals. The ﬁrst proﬁle
was made as close to the burrow wall as possible without breaking
through the burrow wall. Four subsequent proﬁles were made along
a ray extending perpendicular to the burrow edge every 2 mm for a
total of 5 proﬁles per 10 mm ray (Fig. 2). Measurements were made
along four subsequent rays in a similar manner except when not pos-
sible (each burrow had at least three rays of measurements). The rays
from an individual burrow were used as replicates; therefore, mean
O2 proﬁles could be calculated for each of the ﬁve distances from a
burrow. All of the rays extended from one side of the burrow because
it was assumed that the position of the measurements would not
affect the results and the microelectrode stand would therefore not
have to be moved.
A sediment core with a diameter of 4.4 cm was taken near each
burrow at the two main sites once all of the O2 measurements were
complete. A slice of the top centimeter of each core was collected,
Fig. 1.Map of study site. Inset: Mid-Atlantic coast of United States from Cape Cod, MA to Cape Romain, SC; arrow points to coast of Virginia. Hog Island Bay detail with three study
sites indicated: 1. Lower Phillips Creek, 2. Machipongo River, and 3. Hog Island.
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weight and dry weight of each sample were used to calculate porosity
and bulk density. The sediment samples were then put in a mufﬂe
furnace at 500 °C for 6 h to determine organic content by loss on
ignition. Because sediment cores were not collected from the site on
Hog Island porosity, bulk density, and organic content were not
determined for burrows at that site.
Measured O2 concentrations were used to determine the depth of
maximum O2 penetration. If within the O2 concentration proﬁle O2
concentrations decreased to zero and then deeper within the proﬁle
the O2 concentration increased again to above zero, then the initial
zero concentration was used as the depth for maximum O2 penetra-
tion. To determine the mean O2 consumption and total ﬂux for each
of the mean O2 proﬁles at the ﬁve distances from the burrow thePROFILE program (Berg et al., 1998) was used. This software models
the diffusion-mediated O2 consumption rate within the sediment
using the curvature of the measured O2 concentration proﬁles. The
mean consumption proﬁle was determined for each of the ﬁve
distances from the burrow for each of the burrows at the two main
ﬁeld sites (n = 25); burrows from the Hog Island site were not
included because sediment porosity, an input parameter for the
model, was not measured for burrows at that site. Following the
manual for the PROFILE program, the basic input parameters for each
run of the PROFILE program were the same for each run of the model
(i.e. each distance from each burrow) (Michaels, 2012). For each bur-
row, the measured porosity for that burrow was used in the model
input. For each of the ﬁve distances from each individual burrow the
mean measured O2 concentrations (nmol cm−3) and corresponding
Table 1
Sediment characteristics from the two main sites (mean ± SE).
Lower Phillips Creek Machipongo River
Porosity (ml cm−3) 0.53 ± 0.02 0.46 ± 0.03
Bulk density (g cm−3) 1.61 ± 0.07 1.72 ± 0.09
Organic content (%) 3.32 ± 0.34 1.95 ± 0.49
Fig. 2. Schematic diagram of O2 proﬁles surrounding ﬁddler crab burrow. Small gray
circles represent vertical proﬁles located 2 mm apart at distances of 2, 4, 6, 8, and
10 mm from the burrow edge; creating a ray of ﬁve proﬁles. Each ray of proﬁles is con-
sidered a replicate.
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were both zero for all input depths.
2.3. Statistical analyses
All statistical analyses were performed using SAS 9.2 (SAS
Institute, Inc., 2002–2008). For the sediment samples, the differences
in porosity, bulk density, and organic content between the two main
sites were compared using a MANOVA. The differences in depth of
maximum O2 penetration and total ﬂux were compared among the
ﬁve distances from the burrow within each treatment (Natural, Arti-
ﬁcial, no burrow Control), and among the three treatments within
each of the ﬁve distances from the burrow. These comparisons were
analyzed using the PROC MIXED command in SAS. Depth of maxi-
mum O2 penetration, burrow, and ray were treated as random effects,
and distance from the burrow (distance) was treated as a ﬁxed effect;
burrow was nested within treatment, and ray was nested within bur-
row within treatment; distance was a continuous variable. When a
signiﬁcant difference (p ≤ 0.05) was determined for the interaction
between treatment and distance the speciﬁc differences were deter-
mined by performing a post hoc test of all 45 possible contrast state-
ments: pair-wise comparisons of the ﬁve distances within each of the
three treatments and pair-wise comparisons of the three treatments
within each ﬁve distances. To make these tests conservative, a Dunn
and Sidak correction was applied to the comparison-wise alpha:
α = 1–(0.951/45) = 0.0011. Least squares means and standard error
were calculated for depth of maximum O2 penetration and total
ﬂux; these are the means and standard errors reported.
To determine how Uca spp. burrows affect surrounding sediment
O2, four different approaches were used to best understand the
effects. First, the measured mean O2 proﬁles at each of the ﬁve
distances from the burrows were determined (n = 25). These mean
O2 proﬁles were graphed concurrently with the O2 consumption
proﬁles modeled with the PROFILE program. The result was a set of
ﬁve depth proﬁles, one at each of the ﬁve distances from the burrow
(2, 4, 6, 8, and 10 mm), for each of 25 burrows. Using the sets of depth
proﬁles, the distance to which the presence of a burrow had an effect
on the O2 concentration was interpreted. The second approach
involved graphing all ﬁve mean O2 concentration proﬁles using a
matrix to create 2-dimensional color contours (depth and distance
from the burrow) for all of the burrows (n = 31). The third approach
utilized statistical analysis to determine the depth at which the O2
concentration ﬁrst reached zero (depth of maximum O2 penetration)
for each individual O2 proﬁle that was measured at the two main
sites. The ﬁnal approach also utilized statistical analysis by comparing
the total O2 ﬂux value calculated by the PROFILE program (Berg et al.,
1998) for each distance from each burrow at the two main sites.3. Results
The temperatures in which the measurements were made varied
among burrows, resulting in different O2 saturation values for the
measurements surrounding each burrow. The range in temperature
in which the measurements were taken varied from 21.5 to 34.5 °C.
The solubility of O2 at these temperatures varied from 172.2 to
212.2 μM. Burrow diameters for the two main sites ranged from 8.8
to 15.7 mm with a mean of 12.66 mm.
The twomain sites were not statistically different in terms of poros-
ity, bulk density, and percent organic content. Results of a MANOVA for
these three sediment characteristics for the two sites were not signiﬁ-
cant (Wilks' Lambda = 0.783; F(3,21) = 1.94; p = 0.1542). Although
organic content did not differ signiﬁcantly between the two sites, it
was 1.7 times higher at Lower Phillips Creek than at Machipongo
River (Table 1).
3.1. Overall concentration and consumption
In 38% of the mean proﬁles, O2 concentration increased from the
ﬁrst measurement at depth zero to the second measurement at
0.5 mm and then began to decrease steadily to zero. The O2 consump-
tion rates modeled with the PROFILE program show this increase in
O2 concentration as production (negative consumption) at the top
of most of the proﬁles. Oxygen production is almost exclusively
seen at the top of the proﬁles, but some of the proﬁles have a
small amount of production occurring farther down in the proﬁle.
These rates of production found farther down in the proﬁles are
much smaller than the initial production rates at the surface of the
sediment.
3.2. Concentration and consumption depth proﬁles
3.2.1. Concentration
At each distance from each burrow, one mean O2 depth proﬁle
was created. Each set of depth proﬁles consists of ﬁve graphs, one at
each of the ﬁve distances from the burrow (Figs. 3–7). The sets of
depth proﬁles from Natural burrows from the two main sites (n =
13) showed a variety of O2 concentration proﬁle patterns. Some of
the sets showed higher O2 concentrations present at greater depth
in the sediment close to the burrow wall, which was a clear effect of
the presence of the burrow, where as others did not show higher O2
concentrations present at greater depth in the sediment near the bur-
row wall (Figs. 3–6). For example, one of the sets from a burrow at
the Machipongo River site showed higher O2 concentration at depth
close to the burrow wall compared to farther from the burrow wall
(Type I). There were 16% of burrows that had this pattern (3 Natural,
1 Artiﬁcial). This clear effect of the presence of the burrow could be
seen at both 2 mm and 4 mm distances from the burrow wall
(Fig. 3A and B). At the 2 mm distance from the burrow, the depth at
which the mean O2 concentration reached zero (O2 penetration
depth) was 6 mm (Fig. 3A). This result was very different from the
6, 8, and 10 mm distances where the O2 penetration depth was
much less at about 2 mm (Fig. 3C–E). At the 4 mm distance, the O2
penetration depth was 4 mm (Fig. 3B); this result was intermediate
between the 2 and 6 mm distances.
Fig. 3. A–E. Measured mean oxygen concentration proﬁles (±SE) with modeled oxygen concentration and consumption proﬁles (stairstep line) at ﬁve distances from a Natural
burrow: A) 2 mm, B) 4 mm, C) 6 mm, D) 8 mm, E) 10 mm. Deviations between measured (thin line) and modeled concentration (thick line) proﬁles are apparent in some cases.
108 R.E. Michaels, J.C. Zieman / Journal of Experimental Marine Biology and Ecology 448 (2013) 104–113Another set of depth proﬁles from a burrow at the same site
showed higher O2 concentrations present at only slightly greater
depths in the sediment near the burrow wall compared to farther
from the burrow wall (Type II) (Fig. 4). There were 24% of burrows
that had this pattern (3 Natural, 3 Artiﬁcial). This set had a greater
O2 penetration depth for the 2 mm distance only; the O2 penetration
depth was 3.5 mm (Fig. 4A). Farther from the burrow the O2 penetra-
tion depth was about 2 mm (Fig. 4B–E); this result was similar to the
O2 penetration depth at greater distances from the burrow seen in
Fig. 3C–E. Other sets of depth proﬁles showed no discernible O2
concentration pattern as the distance from the burrowwall increased.
Some sets of depth proﬁles showed no difference in O2 depth pene-
tration among the ﬁve distances from the burrow wall (Type III);
indicating that there was no effect from the presence of the burrow,
such as a set from a burrow at the Lower Phillips Creek site (Fig. 5).
There were 28% of burrows that had this pattern (2 Natural, 1 Artiﬁ-
cial, 4 Control). Each depth proﬁle in this set had an O2 penetration
depth of about 2 mm.
Other sets of depth proﬁles had differences between proﬁles, but
they did not have higher O2 concentrations present at greater depths
near the burrow, but at a greater distance (Type IV), indicating that
there was no effect from the presence of the burrow. There were
32% of burrows that had this pattern (5 Natural, 1 Artiﬁcial, 2
Control). For example, a set of proﬁles from the Machipongo River
site (Fig. 6) had the greatest O2 penetration depth at the 6 mmdistance
from the burrow (Fig. 6C). Some of the sets of depth proﬁles from these
Natural burrows show a very different pattern compared to the sets
from the Control burrows (Fig. 7). Most of the sets of proﬁles from
the Control burrows did not have any O2 below a depth of 3 mm. As
seen in Fig. 7, the ﬁve proﬁles do not show a difference in O2 penetra-
tion depth, as would be expected when there is no burrow present. The
sets of proﬁles from Artiﬁcial burrows had a similar pattern to those of
the Natural burrows.Fig. 4. A–E. Measured mean oxygen concentration proﬁles (±SE) with modeled oxygen co
burrow: A) 2 mm, B) 4 mm, C) 6 mm, D) 8 mm, E) 10 mm. Deviations between measured3.2.2. Consumption
Depending on the curvature of the line depicting the modeled O2
concentration, the consumption is either positive or negative (pro-
duction). If the O2 concentration proﬁle line is a parabolic-type
curve opening to the right, then consumption is occurring; if the O2
concentration proﬁle line is a parabolic-type curve opening to the
left, then production is occurring. At the inﬂection point of the line,
production switches to consumption or vice versa. At the top of
many of the proﬁles there is an obvious spike in O2 concentration
making an obvious parabolic-type curve opening left indicating
production. These O2 concentration spikes show extremely negative
consumption values (i.e. production) (e.g. Fig. 4D) compared to O2 con-
centration proﬁles that gradually decrease from an initial maximum
(e.g. Fig. 3E). Only four proﬁles from Natural burrows (Figs. 4B, 5C, E,
and 6B) out of the twenty shown in Figs. 3–6 show no production at
the top of the proﬁle. There is no obvious pattern in the consumption
rates as the distance from the burrow wall increases for the categories
of burrow (Type I–IV) described in Concentration section (Figs. 3–7).
At a certain depth within the sediment, O2 is no longer present and
therefore the rate of O2 consumption becomes zero. For the sediments
at the two main sites, this depth would occur close to the depth of
maximum O2 penetration, which is reported later in this section.
3.3. 2-D color contour plots
Color contours were used to visualize the change in O2 concentra-
tion with depth and distance from the burrow simultaneously. Using
the color contours, the extent to which the presence of the burrows
affected the sediment O2 concentrations could be determined more
clearly. Color contours were created for all burrows measured (in-
cluding those from Hog Island) (n = 31). The color contours from
Natural burrows from the two main sites (n = 13) showed a variety
of patterns (Fig. 8A–D). Some of the color contours appear exactly asncentration and consumption proﬁles (stairstep line) at ﬁve distances from a Natural
(thin line) and modeled concentration (thick line) proﬁles are apparent in some cases.
Fig. 5. A–E. Measured mean oxygen concentration proﬁles (±SE) with modeled oxygen concentration and consumption proﬁles (stairstep line) at ﬁve distances from a Natural
burrow: A) 2 mm, B) 4 mm, C) 6 mm, D) 8 mm, E) 10 mm. Deviations between measured (thin line) and modeled concentration (thick line) proﬁles are apparent in some cases.
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burrow wall (Type I), indicating an effect of the presence of the bur-
row, but this was only true for three of these Natural burrows. The
color contour of a burrow from the Machipongo River site shows
higher O2 concentration present at greater depth near the burrow
which is a clear effect of the presence of the burrow (Fig. 8A). Near
the burrow, O2 penetration was nearly 5 mm, whereas farther from
the burrow was only 2–2.5 mm, this shows that there was no effect
from the burrow at greater distances. Another color contour of a bur-
row from the same site showed a less dramatic effect on O2 depth
penetration near the burrow (Type II) (Fig. 8B). Near the burrow
the O2 depth penetration was only slightly greater than at distances
farther from the burrow. The color contours of some burrows showed
no evidence of the presence of the burrow. They had almost horizon-
tal bands of equal O2 concentration across all distances (Type III), as
shown in the color contour from a burrow from the Lower Phillips
Creek site (Fig. 8C). Color contours from some burrows showed no
explainable pattern of O2 concentration with distance from the
burrow (Type IV). A color contour from a burrow at the Machipongo
River site had the greatest O2 penetration depth at the median
distance from the burrow, indicating no effect from the presence of
the burrow (Fig. 8D). Many of the color contours from these Natural
burrows show a very different pattern compared to the sets from
the Control burrows (Fig. 8E). The color contours from the Control
burrows did not show any O2 below about 2.5 mm. As seen in
Fig. 8E, there was no difference in O2 penetration with distance
from the burrow, this is the expected pattern when there is no bur-
row present. The color contours from Artiﬁcial burrows had a similar
pattern to those of the Natural burrows, some showed a distinct effect
from the burrow with higher O2 concentrations at greater depths
near the burrow wall, and others showed no pattern at all.
The same four Natural burrows and one Control burrow were used
as examples for both the set of depth proﬁles (Figs. 3–7) and the color
contours (Fig. 8A–E) so that comparisons could bemade between them.Fig. 6. A–E. Measured mean oxygen concentration proﬁles (±SE) with modeled oxygen co
burrow: A) 2 mm, B) 4 mm, C) 6 mm, D) 8 mm, E) 10 mm. Deviations between measuredThe color contours from the six burrows at the Hog Island site
show three different patterns. Two burrows located in muddier
sediment showed no effect on O2 penetration depth with distance
from the burrow. The O2 concentrations varied little with distance
from the burrow (see Appendix 1, A and B). Three of the burrows
were located in very sandy sediment that was well-drained. These
burrows had color contours that show high O2 concentration for all
measured depths and distances (see Appendix 1, C–E). The ﬁnal
burrow from the Hog Island site had a color contour with higher O2
concentrations at greater depth close to the burrow within the entire
10 mm depth proﬁle (see Appendix 1, F).3.4. Depth of maximum O2 penetration and total ﬂux statistics
The presence of Uca spp. burrows did not have an effect on the depth
of oxygen penetration, but did result in a greater lateral diffusion of O2.
There were signiﬁcant differences found for distance (p b 0.0001) and
for the treatment × distance interaction (p = 0.0002). Because there
was a signiﬁcant effect for the interaction between treatment and
distance, post hoc tests consisting of all possible pair-wise contrast
statements were run. There was a signiﬁcant difference (p b 0.0001)
in depth of maximum O2 penetration between the 2 mm distance and
the other four distances (4, 6, 8, 10 mm) within both Natural and Arti-
ﬁcial treatments (Fig. 9). Within the Control treatment, there were no
differences detected for the depth of maximum O2 penetration among
any of the ﬁve distances (Fig. 9). Within distance 2 mm, there was a
signiﬁcant difference (p = 0.0005) between the Artiﬁcial and Control
treatments (Fig. 10). Within distance 2 mm, the Artiﬁcial treatment
had the greatest depth of maximum O2 penetration with a mean of
3.3 ± 0.2 mm, the Natural treatment had the next largest depth of
maximumO2 penetrationwith amean of 2.5 ± 0.2 mm and the Control
treatment had the smallest depth of maximum O2 penetration with a
mean of 2.0 ± 0.2 mm (Fig. 10).ncentration and consumption proﬁles (stairstep line) at ﬁve distances from a Natural
(thin line) and modeled concentration (thick line) proﬁles are apparent in some cases.
Fig. 7. A–E. Measured mean oxygen concentration proﬁles (±SE) with modeled oxygen concentration and consumption proﬁles (stairstep line) at ﬁve distances from a no burrow
Control: A) 2 mm, B) 4 mm, C) 6 mm, D) 8 mm, E) 10 mm. Deviations between measured (thin line) and modeled (thick line) concentration proﬁles are apparent in some cases.
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distance interaction effects for total ﬂux for the two sites. Total ﬂux
ranged from −14.114 to 21.325 nmol m−2 s−1 (Table 2).
4. Discussion
In poorly drained sediments the depth of O2 penetration increased
by only 0.5 mm close to the burrow. This extends the oxic zone very
little in terms of depth, but it extends it by 25% compared to there
being no burrow present. The increased volume of oxic sediment
per burrow assuming an average diameter of 12.7 mm is 44.4 mm3
for this top measured portion of the sediment. The number of crab
burrows along the western Atlantic in marshes where crabs are pres-
ent ranges from approximately 20 to 700 m−2 (Basan and Frey, 1977;
Montague, 1982; Ringold, 1979); approximately 42–50% of burrows
have diameters equal to or greater than 12.7 mm (Bertness, 1985),
therefore, crab burrows could have an effect on under 1 cm3 to over
31 cm3 of sediment per square meter of sediment surface for just
this top portion (10,000 cm3) of the sediment.
Salt marsh sediments are typiﬁed by redox reactions within the
upper portion of the sediment proﬁle (Day et al., 1989; Howarth,
1993; Mitsch and Gosselink, 1993). Oxygen is often only measurable
within the ﬁrst few millimeters of shallow benthic and intertidal
sediment because O2 is the preferential and energetically the most
efﬁcient electron acceptor (Fenchel et al., 1998), and is also consumed
in the oxidation of reduced compounds (Furukawa, 2005; Jørgensen
and Revsbech, 1985). For this reason, in this study O2 was only
present in the uppermost portion of the 10 mm proﬁles within the
muddy sediments. The oxidation of reduced ions extends the oxi-
dized zone (suboxic zone) (Kristensen, 2000) in the sediment proﬁle.
Therefore, in this study, in sediments close to the burrow, the
oxidized zone would have also extended deeper into the sediment.
Sediments with low amounts of organic carbon, such as those studied
on Hog Island, have less O2 consumption and O2 can penetrate deeper
into the sediments (Cai and Sayles, 1996). Because O2 reacts soFig. 8. A–E. Oxygen proﬁle color contours for four differenreadily in these sediments, concentration measurements of a
non-reactive solute (e.g. silica) surrounding Uca spp. burrows would
allow for determination of the diffusion caused by the burrow pres-
ence exclusively without the interference caused by redox reactions
(Berner, 1980).
The O2 concentration of inundating tidal water affects the O2 ﬂux
and penetration depth (Cai and Sayles, 1996). Because the percent O2
saturation of the tidal water changes seasonally there would also be a
seasonal component to sediment O2 depth penetration. Oxygen pene-
tration depth can vary seasonally (Cai and Sayles, 1996). Oxygen con-
centrations of the inundating creek water (Phillips Creek) at a nearby
sampling location during the study period were 105.6–121.2 μM
(50.9–60.2% saturation) (McGlathery et al., 2008). This indicates that
when the marsh surface was inundated the incoming water was not
at O2 saturation (100%). The seasonal variation of O2 concentrations
within this creek was from low in August (105.6 μM) to high in
February (314.4 μM)(McGlathery et al., 2008). This studydid not inves-
tigate the seasonal effect on O2 concentrations, but the inundating
water and the sediment temperature would both have an effect on O2
depth penetration and O2 ﬂux. The lack of water movement at the sed-
iment surface because themeasurements were taken at low tidewould
have also had an effect on O2 ﬂux, if measurements were taken when
the sediment surfacewas submerged and the overlyingwaterwasmov-
ing, then the O2 ﬂux may have been very different. This indicates that
there are both seasonal and tidal stage effects on O2 dynamics.
Although Uca spp. do not irrigate their burrows, many burrow
dwelling macro/meiofauna found in marine sediments e.g. shrimp
(Koike and Mukai, 1983; Webb and Eyre, 2004a), bivalves (Berner,
1980), and polychaetes (Aller, 1988; Berner, 1980; Fenchel, 1996;
Kristensen et al., 1991; Kristensen and Hansen, 1999), irrigate their
burrows which alters the O2 diffusion and consumption rates within
the surrounding sediment (Wenzhöfer and Glud, 2004). Irrigation of
burrows by polychaetes has been shown to bring O2 to greater depths
in the sediment (Cai and Sayles, 1996). Also, faunal respiration occur-
ring within these burrows can increase O2 uptake. Thalassinideant Natural burrows (A–D) and one Control burrow (E).
Fig. 9. Depth of maximum O2 penetration for each of the ﬁve distances from the
burrow within the three treatments. Means ± SE. Signiﬁcant differences noted with
different letters (capital letters for Natural burrows, lowercase letters for Artiﬁcial
burrows).
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their presence can increase sediment O2 consumption by as much
as 81% (Webb and Eyre, 2004a). This increase in O2 consumption
was primarily caused by oxidation reactions andmicrobial respiration
in the burrow and only 15% was attributed to respiration of the
shrimp, indicating that the presence of a burrow alone has effects
on sediment O2 ﬂux. In benthic sediments containing the polychaete
Hediste diversicolor, Wenzhöfer and Glud (2004) were able to deter-
mine the amount of O2 uptake caused by the presence of the infauna
burrow versus diffusive O2 uptake. Most of the O2 consumption was
attributed to faunal activity, but this was mostly due to respiration
surrounding the burrows due to irrigation of the burrow by the
polychaete, and not respiration by the polychaete, showing that the
presence of a burrow alone if irrigated has a large effect on O2 uptake
without faunal respiration being involved.
At the top of the O2 proﬁles the spike in O2 concentration (as well
as the negative consumption rates) was most certainly due to O2
production from surﬁcial microalgae or microphytobenthos. Micro-
phytobenthos consist of microscopic algae and cyanobacteria that
live on the sediment surface and produce O2 during photosynthesis
(Baillie, 1986; Miller et al., 1996; Revsbech et al., 1981; Revsbech
and Jørgensen, 1983). During the daytime, O2 production of these
organisms can be high and the sediment can become saturated orFig. 10. Depth of maximum O2 penetration for each of the three treatments Natural,
Artiﬁcial, and no burrow Control within each of the ﬁve distances. Means ± SE. Signiﬁcant
differences noted with different letters.supersaturated with O2 (Revsbech et al., 1988). Because this study
was in situ, which has been shown to be an important method for
O2 microproﬁles (Reimers et al., 1986), it was logistically impractical
to make these measurements in the dark, therefore a portion of
the measured surﬁcial O2 concentration was affected by micro-
phytobenthos photosynthesis. The spike of O2 near the sediment
surface can be seen in many of the depth proﬁles (e.g. Figs. 3B, 4E,
and 6E). Oxygen production on the sediment surface enhances the
3-layer model of a sediment proﬁle: oxic zone, oxidized zone
(suboxic), and reduced zone (Kristensen, 2000). These dramatic
spikes in O2 concentration at the surface produced highly negative
consumption values. The total O2 ﬂux calculations were likely greatly
affected by the high production at the top of the proﬁles, which could
explain the lack of difference among the total depth integrated ﬂux
with distance from the burrow.
Oxygen production on the sediment surface was not consistently
evident. Other studies show that these microphytobenthos are patchy
in their presence spatially and are affected temporally by the diurnal
cycle, the amount of light (Glud et al., 2002), and faunal consumption.
A similar patchy spatial pattern would be expected at this study loca-
tion. The nonuniform presence of microphytobenthos on the sedi-
ment surface is likely partially due to the feeding habits of the Uca
spp., because they are detritivores and obtain a portion of their nutri-
ents from microalgae (Currin et al., 1995; Peterson et al., 1986;
Peterson and Howarth, 1987; Sullivan and Moncreiff, 1990). With
similar feeding habits to Uca spp., Webb and Eyre (2004b) found
that the grazing habits of the soldier crab (Mictyris longicarpus)
caused a reduction in the amount of microalgae on the sediment sur-
face; this caused a reduction in benthic O2 production and sediment
O2 consumption. The Thalassinidean shrimp is also a detritivore and
was shown to decrease surface chlorophyll-a concentrations by 50%,
affecting O2 production and consumption and depth penetration
(Webb and Eyre, 2004a). Microphytobenthos can also colonize the
walls of burrows altering the O2 ﬂux at the vertical sediment surface
(Furukawa, 2005).
From the geometry and density of macrofaunal burrows, the
surface–water (or atmosphere) interface can be compared to the sur-
face area of sediments not containing burrows; the presence of bur-
rows in some environments can account for a large portion of the
volume of oxic sediment compared to that from the sediment surface
(Fenchel, 1996; Kristensen, 2000; Wenzhöfer and Glud, 2004). Bur-
row densities and diameters were measured in other areas of the
two marshes in this study. At these nearby locations, there was an
overall mean burrow density of 112 m−2 for the two main sites. If
we only consider the increase in surface area as the 0.5 mm increase
in the depth of oxic sediment compared to sediment without bur-
rows, then each burrow essentially added additional surface area
through which O2 diffused. The increased area is equal to the burrow
opening circumference multiplied by the increase in O2 penetration
depth. Using the burrow density of the nearby areas, there is an effec-
tive 0.2% increase in surface area of the marsh for this upper mea-
sured portion of the sediment caused by the presence of the burrows.
Marshes that have more well-drained sediments would have a greater
increase in effective surface area from the presence of burrows.
Burrow morphology changes water movement into and around
burrows. The tidal action of waves and currents can affect water
ﬂow through burrows (Berner, 1980) and therefore the ﬂushing of
the sediment; if there are two openings there can be tidal irrigation
especially if the openings differ in elevation (Munksby et al., 2002;
Stieglitz et al., 2000). If the sediment is not ﬂat at the sediment–
water interface, water can be forced into or out of the sediment
depending on the topography (Huettel et al., 1998). This passive irri-
gation by tides is an important process (Kristensen and Kostka, 2005).
The 3-D topographic structure of the sediment surface can affect dif-
fusion by increasing the surface area and also the angle at which the
microelectrode is inserted into the sediment (Glud et al., 2003). In
Table 2
Total ﬂux (nmol m−2 s−1) for each of the three treatments at each of the ﬁve distances from the burrow. LS Means ± SE.
Distance (mm)
2 4 6 8 10
Natural 21.325 ± 7.403 16.178 ± 7.403 10.845 ± 7.403 14.910 ± 7.403 9.061 ± 7.403
Artiﬁcial 3.754 ± 10.897 −6.385 ± 10.897 −5.118 ± 10.897 −0.996 ± 10.897 −7.354 ± 10.897
Control −1.991 ± 10.897 −6.880 ± 10.897 6.212 ± 10.897 −7.027 ± 10.897 −14.114 ± 10.897
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topography near the burrow entrance by depositing the ﬁll material
from the burrow (Kristensen and Kostka, 2005). Some Uca spp. also
build chimneys surrounding the opening of the burrow (Shih et al.,
2005; Slatyer et al., 2008; Wada and Murata, 2000), this would also
change the movement of water near the burrow when they are sub-
merged by the tide. None of the burrows in this study had chimneys
or signs of sediment mounding near the burrow opening. Sediment
characteristics including texture, porosity, and percent organic car-
bon can alter interactions between the burrow and surrounding sed-
iment and sediment pore water. In this study, the sediment
characteristics measured did not differ between the two main sites,
but the site on Hog Island had very different sediment from the two
main sites. This sandy site had high porosity and low organic content
(personal observation) because that area was affected by an
overwash and some of the sediments were almost pure sand and
had little marsh vegetation present; therefore, little organic carbon
had been produced. Some of the burrows on Hog Island were in sed-
iments that drained fully, allowing air to penetrate the sediment
surface. In the two main sites that had muddy sediments, diffusion
was the sole mechanism of O2 transport, but in sandy sites, like Hog
Island, pore water advection can dominate as the mechanism of O2
transport instead (Kristensen and Hansen, 1999). In these sandy
sediments, the sediment is able to drain completely allowing O2 to
penetrate to great depths. These measurements are time dependant
with the tidal cycle and not steady-state over time (Berner, 1980).
S. alterniﬂora is the dominant macrophyte in the salt marshes in
this region (Valiela et al., 1978). Oxygen penetration at the sediment
surface and surrounding U. pugnax burrows did not extend very far
into the S. alterniﬂora root zone of up to 20 cm deep. S. alterniﬂora
has aerenchyma tissue to move O2 into roots (Mitsch and Gosselink,
1993). The amount of O2 within the roots is dependent on time of
day, tidal level, and season (Gleason and Zieman, 1981). Passive O2 re-
lease causes oxidation of the sediment around its roots and rhizomes
(Howes et al., 1981). Holmer et al. (2002) found an oxic microzone
extending up to 2.5 mm from the root surface of Spartina anglica
plants, indicating that diffusion of O2 from roots within the sediment
extends a comparable distance to diffusion at the sediment surface
or from a burrow wall. The increase in oxic sediment within muddy
sediments surrounding Uca spp. burrows within the top 10 mm is
not sufﬁcient to make an impact on S. alterniﬂora production.
5. Conclusions
Based on these results, when sediments do not drain and pore
water ions are in a reduced state Uca spp. burrows do not lead to in-
creased sediment aeration. Oxygen diffusion at the sediment surface
was similar to oxygen diffusing laterally from the burrow surface in
terms of magnitude. The presence of Uca spp. burrows likely aids in
oxidizing rather than aerating the surrounding sediments. In these
salt marsh sediments, surface layer O2 is only present in the top few
millimeters of the sediment column. Dissolved O2 in the sediment is
likely consumed through oxidation of reduced ions andmicrobial me-
diated oxidation of organic matter. There would be little direct effect
of O2 concentrations surrounding Uca spp. burrows on S. alterniﬂora
production because the sediment volume affected by the burrows is
a small percentage of the total sediment volume, and contact withroots in these areas is minor. Surﬁcial microphytobenthos play an im-
portant role in O2 dynamics within the sediment. Oxygen penetration
depth surrounding Uca spp. burrows depends greatly on the charac-
teristics of the sediment in which the burrows are located. The O2
depth penetration is highly dependent on whether or not the sedi-
ment is able to drain, allowing air to enter the pore space; therefore,
the O2 depth penetration is dependent on the sediment characteris-
tics including sediment texture and organic matter content.
Supplementary data to this article can be found online at http://
dx.doi.org/10.1016/j.jembe.2013.06.020.
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